Abstract: In the current work, the microstructure, hydrogen permeability, and properties of chromium nitride (CrN x ) thin films deposited on the Inconel 718 superalloy using direct current reactive sputtering are investigated. The influence of the substrate bias voltage on the crystal structure, mechanical, and tribological properties before and after hydrogen exposure was studied. It was found that increasing the substrate bias voltage leads to densification of the coating. X-ray diffraction (XRD) results reveal a change from mixed fcc-CrN + hcp-Cr 2 N to the approximately stoichiometric hcp-Cr 2 N phase with increasing substrate bias confirmed by wavelength-dispersive X-ray spectroscopy (WDS). The texture coefficients of (113), (110), and (111) planes vary significantly with increasing substrate bias voltage. The hydrogen permeability was measured by gas-phase hydrogenation. The CrN coating deposited at 60 V with mixed c-CrN and (113) textured hcp-Cr 2 N phases exhibits the lowest hydrogen absorption at 873 K. It is suggested that the crystal orientation is only one parameter influencing the permeation resistance of the CrN x coating together with the film structure, the presence of mixing phases, and the packing density of the structure. After hydrogenation, the hardness increased for all coatings, which could be related to the formation of a Cr 2 O 3 oxide film on the surface, as well as the defect formation after hydrogen loading. Tribological tests reveal that hydrogenation leads to a decrease of the friction coefficient by up to 40%. The lowest value of 0.25 ± 0.02 was reached for the CrN x coating deposited at 60 V after hydrogenation.
Introduction
Nickel-based alloys are widely used in the aerospace industry due to their excellent corrosion resistance and good mechanical properties, even at elevated temperatures. IN718 is one of the most frequently used nickel-based alloys in aero-engine hot section components, aerospace structures, rocket components, and power generation turbines [1] . Despite its advantages, this alloy is susceptible to hydrogen embrittlement caused by the penetration of hydrogen resulting in degradation and catastrophic failure [2, 3] . It is well-known that grain boundaries play an essential role in hydrogen-induced cracking and embrittlement in polycrystalline metallic materials [4] [5] [6] [7] [8] [9] [10] [11] . It has been reported that at a high hydrogen concentration, the δ-phase in IN718 dramatically reduces the ductility of the alloy [12] . Furthermore, hydrogen embrittlement of IN718 occurs preferably at the grain boundaries even at low hydrogen concentration [13] .
In order to reduce the sensitivity of the alloys against hydrogen embrittlement, different approaches were used. Hirose et al. [14] reported that laser surface softening leads to almost twice the higher ductility of the surface in comparison to the base materials. Heat treatment was used by Demetriou et al. [15] to decrease the hydrogen embrittlement. Furthermore, [16] describes that plasma immersion titanium implantation reduces the hydrogen absorption rate and total hydrogen concentration in the volume. Another opportunity is the development of hydrogen-resistant coatings on the IN718 alloy using magnetron sputtering. Chromium nitride coatings exhibit better corrosionand oxidation-resistance in comparison to other nitride coatings [17] [18] [19] . Chromium nitride (CrN x ) has attracted much attention in different tribological, material forming, and casting applications in terms of its high temperature stability, chemical inertness, high hardness, superior toughness, good wear resistance, and lower friction coefficient than TiN [19] [20] [21] .
In our previous work the effect of hydrogenation on mechanical and tribological properties of Cr-N coatings deposited at different argon pressures was investigated with the result that a mixed cubic and hexagonal structure is preferential for hydrogen permeation-resistant coatings due to the presence of a cubic phase with high packing density [13] . Along with argon pressure, bias is one the most important parameters, which controls the deposition process [13, 22] . A negative bias voltage applied to the substrate can influence nucleation and growth kinetics during coating growth, and will subsequently modify the microstructure and mechanical properties of the coatings [17, [23] [24] [25] [26] [27] [28] . Wan et al. [24] presented the evolution of the CrN phase structure with raising bias voltage with a maximum of hardness and residual stress for the coating deposited at approximately 100 V. Warcholinski et al. [18] measured the optimal hardness and elastic modulus for coatings deposited at 150 V, whereas the best adhesion occurred at low biases (10-70 V) .
The aim of this paper is to investigate the influence of the bias voltage on the microstructure, mechanical, and tribological properties of the Cr-N coatings before and after high-temperature hydrogen exposure.
Materials and Methods
CrN x coatings were deposited using DC magnetron sputtering in a CC800/9 chamber from CemeCon AG (Würselen, Germany). The films were deposited onto Inconel 718 superalloy and (100) silicon wafers. Inconel 718 substrates were mirror polished, ultrasonically cleaned in acetone, and mounted into the chamber. The substrate-to-target distance of 70 mm was kept for all tests. A high purity single Cr target (99.99%) from CemeCon AG (Würselen, Germany) was used. For deposition of the coating with stationary table, the specimens were placed opposite to the target. A base pressure of less than 8.0 × 10 −3 Pa was achieved inside the chamber before sputtering. Subsequently, the substrates were etched with Ar + plasma at a bias voltage of −650 V for 30 min in order to remove surface contaminations and ensure good adhesion of the deposited films. The coating temperature was kept constant through all experiments at 773 K. In order to study the effect of the substrate bias voltage, different substrate bias voltages ranging from 60 to 120 V were applied while the pressure was kept constant at 600 mPa. The target power of 2 kW and N 2 /Ar ratio of 0.23 were kept constant during 30 min deposition process for all coatings, too.
The film thickness was measured using a CemeCon AG (Würselen, Germany) calowear test machine. The deposition rate was calculated from film thickness and corresponding deposition time. Cross-section images of the CrN x thin films deposited on Si wafers were analyzed by means of scanning electron microscopy (Mira II from Tescan, Brno, Czech Republic). The chemical composition of the CrN x layers was determined by wavelength-dispersive X-ray spectroscopy (WDS, Oxford Instruments, Wiesbaden, Germany).
Hydrogenation of the samples was performed using Gas Reaction Controller GRC LPB technique (Pittsburgh, PA, USA). The sample was inserted into the vacuum chamber, evacuated to the base pressure of 10 mPa and heated to 873 K with 6 K/min heating rate. Finally, the chamber was filled with hydrogen (99.999% purity) up to 0.203 MPa (2 atm.) pressure and kept for 2 h. After hydrogenation, the hydrogen was pumped out of the chamber during slow cooling. Elemental distribution was measured by high-frequency glow-discharge optical emission spectroscopy (GDOES) using a GD Profiler 2 (Horiba, Japan).
Crystallographic phases and XRD patterns of the coatings were identified using a Shimadzu XRD 7000S (Kyoto, Japan) equipped with OneSight wide-range high-speed detector at 40 kV and 30 mA with Cu Kα radiation (λ = 0.15406 nm). Hardness and elastic modulus values of the coatings were measured on a nanohardness tester NHT-S-AX-000X from CSEM (Neuchatel, Switzerland). This device analyzes load changes and indenter penetration depth at the loading-unloading cycle using the Oliver and Pharr method [29] . A Berkovich indenter with an indenter load of 10 mN was used for all coatings. This load was chosen for the reason that the penetration depth of around 1/10th of the coating thickness was not exceeded [30] . The average of twenty measurements was reported. Friction coefficients were investigated using a high-temperature tribometer TNT-S-AH0000 from CSEM (Neuchatel, Switzerland) under dry friction conditions with vertical load of 5 N and a linear sliding speed of 2.5 cm/s for 15,000 laps (the travel length was approx. 150 m).
Results and Discussion

Morphology and Structural Analysis
The coating structure of CrN x -system at various substrate voltages is visible in Figure 1 . The average column width decreases with increasing bias due to increasing high energy ion bombardment [31] . An almost structureless coating is obtained at higher bias, whereas a fibrous structure occurs at low substrate potentials. In case of CrN x coatings, the structure of the coating deposited at 60 V ( Figure 1a ) was much more porous than the one deposited at 120 V. Thus, increasing bias voltage leads to densification of the coating, confirming Messier's structure zone model [31, 32] . The denser structure can be explained by an increased ion mobility with rising substrate bias, resulting in the formation of more nucleation sites [18, 33, 34] . Hydrogenation of the samples was performed using Gas Reaction Controller GRC LPB technique (Pittsburgh, PA, USA). The sample was inserted into the vacuum chamber, evacuated to the base pressure of 10 mPa and heated to 873 K with 6 K/min heating rate. Finally, the chamber was filled with hydrogen (99.999% purity) up to 0.203 MPa (2 atm.) pressure and kept for 2 h. After hydrogenation, the hydrogen was pumped out of the chamber during slow cooling. Elemental distribution was measured by high-frequency glow-discharge optical emission spectroscopy (GDOES) using a GD Profiler 2 (Horiba, Japan).
Crystallographic phases and XRD patterns of the coatings were identified using a Shimadzu XRD 7000S (Kyoto, Japan) equipped with OneSight wide-range high-speed detector at 40 kV and 30 mA with Cu Kα radiation (λ = 0.15406 nm). Hardness and elastic modulus values of the coatings were measured on a nanohardness tester NHT-S-AX-000Х from CSEM (Neuchatel, Switzerland). This device analyzes load changes and indenter penetration depth at the loading-unloading cycle using the Oliver and Pharr method [29] . A Berkovich indenter with an indenter load of 10 mN was used for all coatings. This load was chosen for the reason that the penetration depth of around 1/10th of the coating thickness was not exceeded [30] . The average of twenty measurements was reported. Friction coefficients were investigated using a high-temperature tribometer TNT-S-AH0000 from CSEM (Neuchatel, Switzerland) under dry friction conditions with vertical load of 5 N and a linear sliding speed of 2.5 cm/s for 15,000 laps (the travel length was approx. 150 m).
Results and Discussion
Morphology and Structural Analysis
The coating structure of CrNx-system at various substrate voltages is visible in Figure 1 . The average column width decreases with increasing bias due to increasing high energy ion bombardment [31] . An almost structureless coating is obtained at higher bias, whereas a fibrous structure occurs at low substrate potentials. In case of CrNx coatings, the structure of the coating deposited at 60 V ( Figure 1a ) was much more porous than the one deposited at 120 V. Thus, increasing bias voltage leads to densification of the coating, confirming Messier's structure zone model [31, 32] . The denser structure can be explained by an increased ion mobility with rising substrate bias, resulting in the formation of more nucleation sites [18, 33, 34] . The chemical compositions of CrN x coatings deposited at different bias voltages are presented in Table 1 . As the bias voltages increases from 60 V to 120 V, the Cr content increases from 58 at.% to 67 at.%, while the N content, correspondingly, decreases from 42 at.% to 33 at.%. The Cr/N ratio changes from 1.4 to 2.0, which corresponds to the transformation from mixed CrN + Cr 2 N to pure Cr 2 N [35, 36] . The decrease in nitrogen content inside the film is a result of preferred re-sputtering of N as the lightest element within the condensed materials [23] . High substrate bias voltage favors the formation of Cr 2 N hexagonal phase, confirmed by Wang et al. [37] . The dependence of deposition rate on substrate bias during the sputtering process is plotted in Figure 2 . The deposition rate continuously decreases with the increase in bias voltage from 125 nm·min −1 at 60 V to 95 nm·min −1 at 120 V. The film thickness reduction is related to sputtering off the film (re-sputtering) [38] , too. With increasing bias voltage, the incident ion energy rises, and more atoms from the growing film will be re-sputtered. Heo et al. [39] reported a similar decrease in sputtering rate. The chemical compositions of CrNx coatings deposited at different bias voltages are presented in Table 1 . As the bias voltages increases from 60 V to 120 V, the Cr content increases from 58 at.% to 67 at.%, while the N content, correspondingly, decreases from 42 at.% to 33 at.%. The Cr/N ratio changes from 1.4 to 2.0, which corresponds to the transformation from mixed CrN + Cr2N to pure Cr2N [35, 36] . The decrease in nitrogen content inside the film is a result of preferred re-sputtering of N as the lightest element within the condensed materials [23] . High substrate bias voltage favors the formation of Cr2N hexagonal phase, confirmed by Wang et al. [37] .
The dependence of deposition rate on substrate bias during the sputtering process is plotted in Figure 2 . The deposition rate continuously decreases with the increase in bias voltage from 125 nm·min −1 at 60 V to 95 nm·min −1 at 120 V. The film thickness reduction is related to sputtering off the film (resputtering) [38] , too. With increasing bias voltage, the incident ion energy rises, and more atoms from the growing film will be re-sputtered. Heo et al. [39] reported a similar decrease in sputtering rate. 
Gas-Phase Hydrogenation
Gas-phase hydrogenation was carried out to investigate hydrogen permeability across the deposited CrNx coatings, as well as the improvement of mechanical and tribological properties. The hydrogen absorption curves as function of hydrogen pressure in the chamber are shown in Figure 3 . The slope of the curves describes the intensity of hydrogen absorption by the samples. The absorption curves are characterized by the gradual decrease of hydrogen pressure with tendency to hydrogen saturation. 
Gas-phase hydrogenation was carried out to investigate hydrogen permeability across the deposited CrN x coatings, as well as the improvement of mechanical and tribological properties. The hydrogen absorption curves as function of hydrogen pressure in the chamber are shown in Figure 3 . The slope of the curves describes the intensity of hydrogen absorption by the samples. The absorption curves are characterized by the gradual decrease of hydrogen pressure with tendency to hydrogen saturation.
The lowest hydrogen absorption was measured for the CrN coating deposited at 60 V, while the highest absorption rate was for the coating deposited at 120 V bias. The difference in hydrogen absorption is associated with the modification of crystalline structure and morphology of the coatings. On the one hand, the formation of mixed CrN + Cr 2 N phase in coatings deposited at 60 V leads to lower hydrogen permeation through the coating than the Cr 2 N phase formed at higher bias voltages [13, 18, 25] . On the other hand, the denser structure of the coatings deposited at higher bias voltages reduces the rate of hydrogen diffusion through the coating due to reduced intergranular space and pores in the coating. Thus, to reduce hydrogen permeation it is preferable to form a mixture of hexagonal Cr 2 N and cubic phase CrN inside the coating with a dense void-free structure.
Crystalline Structure
According to the binary Cr-N phase diagram, three solid phases exist in the system: solid interstitial solution body centered cubic Cr(N), hexagonal Cr 2 N, and face-centered cubic CrN [35, 40] . (113) and (300) reflections could be related to the enhanced mobility of adatoms on the film surface at high deposition temperatures according to Shah et al. [41] . During further increase of the substrate bias, Cr 2 N (111) becomes the dominant reflection. Changes of bias voltages may also cause reflection shifting in the XRD spectra, and such a peak shift to lower 2θ values was observed for Cr 2 N (110) with increasing bias voltage, related to the chemical composition change [24, 42] . The lowest hydrogen absorption was measured for the CrN coating deposited at 60 V, while the highest absorption rate was for the coating deposited at 120 V bias. The difference in hydrogen absorption is associated with the modification of crystalline structure and morphology of the coatings. On the one hand, the formation of mixed CrN + Cr2N phase in coatings deposited at 60 V leads to lower hydrogen permeation through the coating than the Cr2N phase formed at higher bias voltages [13, 18, 25] . On the other hand, the denser structure of the coatings deposited at higher bias voltages reduces the rate of hydrogen diffusion through the coating due to reduced intergranular space and pores in the coating. Thus, to reduce hydrogen permeation it is preferable to form a mixture of hexagonal Cr2N and cubic phase CrN inside the coating with a dense void-free structure.
According to the binary Cr-N phase diagram, three solid phases exist in the system: solid interstitial solution body centered cubic Cr(N), hexagonal Cr2N, and face-centered cubic CrN [35, 40] . (113) and (300) reflections could be related to the enhanced mobility of adatoms on the film surface at high deposition temperatures according to Shah et al. [41] . During further increase of the substrate bias, Cr2N (111) becomes the dominant reflection. Changes of bias voltages may also cause reflection shifting in the XRD spectra, and such a peak shift to lower 2θ values was observed for Cr2N (110) with increasing bias voltage, related to the chemical composition change [24, 42] . After hydrogenation, the intensities of the peaks of CrN and Cr2N phases changed. Additionally, the (110) peak of Cr2O3 oxide phase was detected that probably was associated with the formation of the thin oxide layer on the surface during cooling of the sample after hydrogenation. Similar to our previous work, the lowest hydrogen absorption was found for the coating with mixed hcp-Cr2N and cCrN phase composition due to the higher packing density of the cubic structure [13] . Zhou et al. [43] observed for titanium nitride coatings that hydrogen impermeability of the coating also depends on the crystal orientation of the films. In order to prove this supposition, the texture coefficients of Cr2N Tc(hkl) are calculated from their respective XRD peaks using the formula [44] : After hydrogenation, the intensities of the peaks of CrN and Cr 2 N phases changed. Additionally, the (110) peak of Cr 2 O 3 oxide phase was detected that probably was associated with the formation of the thin oxide layer on the surface during cooling of the sample after hydrogenation. Similar to our previous work, the lowest hydrogen absorption was found for the coating with mixed hcp-Cr 2 N and c-CrN phase composition due to the higher packing density of the cubic structure [13] . Zhou et al. [43] observed for titanium nitride coatings that hydrogen impermeability of the coating also depends on the crystal orientation of the films. In order to prove this supposition, the texture coefficients of Cr 2 N T c (hkl) are calculated from their respective XRD peaks using the formula [44] :
in which T c (hkl) is the texture coefficient of the (110), (111), and (113) planes, respectively, I(hkl) is the measured intensity, I 0 (hkl) is the relative intensity of the corresponding plane given in PDF-4 data, and N is the number of reflections. The texture evolution of CrN x films deposited under various substrate bias voltages is depicted in Figure 5 . The peak intensities and texture coefficients vary significantly with increasing substrate bias voltage. In the case of films deposited at 60V, predominantly (113) texture is developed. In films deposited at 90V, the mixture of (110) and (113) planes is present. At the highest bias voltage, all three texture components could be observed; however, (113) plane has the highest texture coefficient. After hydrogenation, all coatings reveal (113) and (110) texture, whereas the texture coefficient of (111) plane increases with increasing bias, but still remains less pronounced. in which Tc(hkl) is the texture coefficient of the (110), (111), and (113) planes, respectively, I(hkl) is the measured intensity, I0(hkl) is the relative intensity of the corresponding plane given in PDF-4 data, and N is the number of reflections. The texture evolution of CrNx films deposited under various substrate bias voltages is depicted in Figure 5 . The peak intensities and texture coefficients vary significantly with increasing substrate bias voltage. In the case of films deposited at 60V, predominantly (113) texture is developed. In films deposited at 90V, the mixture of (110) and (113) planes is present. At the highest bias voltage, all three texture components could be observed; however, (113) plane has the highest texture coefficient. After hydrogenation, all coatings reveal (113) and (110) texture, whereas the texture coefficient of (111) plane increases with increasing bias, but still remains less pronounced. Hydrogen permeation depends on the crystal orientation within the films. As discussed above, CrN has a face centered cubic structure, whereas Cr2N is hexagonal. The shortest diffusion path to transport hydrogen through the coating is the cross section of the coating. In case of hexagonal structure, the (001) plane is the densest. Out of the planes measured in this work, the densest one is (110), followed by (111) and (113). In Figure 6 , the crystal models of all three planes of Cr2N are presented. According to this, the coating with strong (110) texture should have the lowest hydrogen permeation. However, it could be suggested that crystal orientation is only one parameter influencing the permeation resistance of coatings together with film structure, presence of mixing phases, and packing density of the structure [13, 43] . Hydrogen permeation depends on the crystal orientation within the films. As discussed above, CrN has a face centered cubic structure, whereas Cr 2 N is hexagonal. The shortest diffusion path to transport hydrogen through the coating is the cross section of the coating. In case of hexagonal structure, the (001) plane is the densest. Out of the planes measured in this work, the densest one is (110), followed by (111) and (113). In Figure 6 , the crystal models of all three planes of Cr 2 N are presented. According to this, the coating with strong (110) texture should have the lowest hydrogen permeation. However, it could be suggested that crystal orientation is only one parameter influencing the permeation resistance of coatings together with film structure, presence of mixing phases, and packing density of the structure [13, 43] . Figure 7 shows the depth distribution of elements in the samples before and after hydrogen exposure at 873 K and 0.203 MPa hydrogen pressure for 2 h. A uniform distribution of Cr and N elements is observed through the depth of the as-deposited CrN x coatings. Small fluctuations of signal intensities in the initial stage are associated with surface contaminations. The Cr to N ratio increases with increasing bias voltage, as evidenced by the changing of the ratio of Cr and N signal intensities, which is also confirmed by WDS measurements. The decrease in nitrogen concentration inside the coatings with increasing bias voltage could be attributed to the preferred re-sputtering of N as the lightest element in this combination [23] . The hydrogen concentration in the as-deposited coatings remains at the same level like hydrogen in the bulk IN718 alloy, which is typically few ppm. Slight increase in hydrogen concentration inside the coatings was observed after hydrogenation (Figure 7d-f) . During hydrogenation, hydrogen was absorbed by the samples, which was clearly related to the drop in pressure within the chamber (see Figure 3) . Nevertheless, due to the degassing of hydrogen during slow cooling in vacuum, an insignificant amount of residual hydrogen remains inside the coating. In this case, hydrogen can stay in a dissolved form or be captured by defects. The hydrogen captured by structural defects cannot completely degas because of the strong binding energy of hydrogen in certain types of defects [45, 46] .
Depth Distribution of Elements
Mechanical Properties
The evolutions of elastic modulus (E) and hardness (H) of the deposited coatings as function of the substrate voltage are shown in Figure 8 . Hardness increases with increasing substrate bias, whereas the E-modulus drops from 205 GPa for the coating deposited at 60 V to 110 GPa for the one deposited at 120 V. Warcholinski et al. [18] presented similar changes in hardness. This change of mechanical properties can be correlated to the structure of the coatings. The fibrous columnar coating shows low hardness and high E-Modulus values, whereas the coating with dense structure depicts higher hardness and low E-Modulus values. Furthermore, phase composition plays an important role, because the Cr 2 N phase exhibits better mechanical properties (hardness and elastic modulus) due to higher covalent bonding character in Cr 2 N than the CrN phase [32, 47] . Hardness evolution can be attributed to grain size, texture components, and the residual stress as well [42] . The low hardness of the deposited coatings could be attributed to (1) chromium phase precipitation at the grain boundaries of CrN and Cr 2 N phases causing increased grain boundary sliding, and (2) enhanced dislocation movement in the coating. The hardness of coatings is directly linked to its ability to deform under applied load by dislocation movement, grain boundary sliding, crack initiation, or similar mechanisms. Enhanced dislocation movement in the coating may cause reduced hardness, while deformation by dislocation movement requires less energy than by grain boundary sliding. The enhancement of the coating hardness could be caused by the grain refinement effect with increasing bias voltage [48] . 
The evolutions of elastic modulus (E) and hardness (H) of the deposited coatings as function of the substrate voltage are shown in Figure 8 . Hardness increases with increasing substrate bias, whereas the E-modulus drops from 205 GPa for the coating deposited at 60 V to 110 GPa for the one deposited at 120 V. Warcholinski et al. [18] presented similar changes in hardness. This change of mechanical properties can be correlated to the structure of the coatings. The fibrous columnar coating shows low hardness and high E-Modulus values, whereas the coating with dense structure depicts higher hardness and low E-Modulus values. Furthermore, phase composition plays an important role, because the Cr2N phase exhibits better mechanical properties (hardness and elastic modulus) due to higher covalent bonding character in Cr2N than the CrN phase [32, 47] . Hardness evolution can be attributed to grain size, texture components, and the residual stress as well [42] . The low hardness of the deposited coatings could be attributed to (1) chromium phase precipitation at the grain boundaries of CrN and Cr2N phases causing increased grain boundary sliding, and (2) enhanced dislocation movement in the coating. The hardness of coatings is directly linked to its ability to deform under applied load by dislocation movement, grain boundary sliding, crack initiation, or similar mechanisms. Enhanced dislocation movement in the coating may cause reduced hardness, while deformation by dislocation movement requires less energy than by grain boundary sliding. The enhancement of the coating hardness could be caused by the grain refinement effect with increasing bias voltage [48] . Chu et al. [49] found that the residual stress was clearly related to the negative bias voltages, and high hardness is a result of such high residual stress. The compressive stress arises because of a process called "atomic peening", in which some atoms squeeze into the lattices directly, causing internal stress and increasing the coating hardness [24, 50] . However, further increase of the bias voltage can lead to reduced hardness, because the superfluous bombarding energies can cause lattice relaxation and recrystallization. Thus, the crystalline defects will be annihilated and the reduction of hardness is induced [24] . Lin et al. [51] presented the maximum of stress for bias voltages of about 100 V.
Typically, under high temperature coating, hardness reduction occurs. However, after hydrogenation, the hardness increased for all the coatings. Furthermore, the hardness of the coating deposited at 60 V increased more than twice up to 17 GPa. This change could be attributed to the formation of a Cr2O3 oxide film on the surface, whose hardness can reach up to 30 GPa [52] . Furthermore, the increased hardness can be associated with defect formation after hydrogen loading. The hydrogen solubility in thin films or coatings often exceeds the value for bulk systems, which is attributed to preferred hydrogen trapping at open volume defects (dislocations, grain boundaries, surfaces, and vacancies) [53] . With increasing hydrogen concentration inside the coating, the compressive stresses usually increase due to hydrogen incorporation into the open volume defects Chu et al. [49] found that the residual stress was clearly related to the negative bias voltages, and high hardness is a result of such high residual stress. The compressive stress arises because of a process called "atomic peening", in which some atoms squeeze into the lattices directly, causing internal stress and increasing the coating hardness [24, 50] . However, further increase of the bias voltage can lead to reduced hardness, because the superfluous bombarding energies can cause lattice relaxation and recrystallization. Thus, the crystalline defects will be annihilated and the reduction of hardness is induced [24] . Lin et al. [51] presented the maximum of stress for bias voltages of about 100 V.
Typically, under high temperature coating, hardness reduction occurs. However, after hydrogenation, the hardness increased for all the coatings. Furthermore, the hardness of the coating deposited at 60 V increased more than twice up to 17 GPa. This change could be attributed to the formation of a Cr 2 O 3 oxide film on the surface, whose hardness can reach up to 30 GPa [52] . Furthermore, the increased hardness can be associated with defect formation after hydrogen loading. The hydrogen solubility in thin films or coatings often exceeds the value for bulk systems, which is attributed to preferred hydrogen trapping at open volume defects (dislocations, grain boundaries, surfaces, and vacancies) [53] . With increasing hydrogen concentration inside the coating, the compressive stresses usually increase due to hydrogen incorporation into the open volume defects (solid solution hardening), hydrogen-induced vacancy formation, and creation of dislocations (strain hardening) observed in [54, 55] . Similarly, first-principles calculations of Ti 3 SiC 2 and Ti 3 AlC 2 MAX-phases with hydrogen interstitial defects show that both phases are hardened after introduction of hydrogen [56] . Figure 9 shows the evolution of the friction coefficient of as-deposited and hydrogen-exposed CrN x coatings. The friction behavior of as-deposited CrN x coatings depends on the applied bias voltage: the coefficient of friction (CoF) remains constant on a low level for the coating deposited at 60 V and rapidly increases for the coatings deposited at 90 and 120 V. In the initial stage, the strong fluctuations in the CoF are caused by ploughing friction arising from micro surface asperities [46] . The wear of the coating deposited at 60 V is characterized by a low debris effect, due to softer particles formed during the wear of the coating or the formation of oxides on the surface. The wear debris increases with increasing hardness of the coatings deposited at higher bias voltages, because the entrapped hard wear particles cause ploughing friction. Thus, fluctuations and rapid increase in the friction coefficient can be attributed to ploughing due to third-body hard particles. [57, 58] . The CrN x coatings after hydrogenation show much lower (by 20-40%) friction coefficients than all initial samples. The best CoF value was 0.25 ± 0.02 for the hydrogen-exposed Cr-N coating deposited at 60 V bias. Similar changes in the friction coefficient were observed during sliding wear of as-deposited and at 773 and 873 K annealed CrN coatings against an Al 2 O 3 ball [59] . This change was attributed to the lubrication effect of Cr-O oxides on the surface. In the current study, XRD results show the appearance of chromium oxide peaks after hydrogen exposure. Therefore, the decrease in CoF could be attributed to the oxides on the surface as well. (solid solution hardening), hydrogen-induced vacancy formation, and creation of dislocations (strain hardening) observed in [54, 55] . Similarly, first-principles calculations of Ti3SiC2 and Ti3AlC2 MAXphases with hydrogen interstitial defects show that both phases are hardened after introduction of hydrogen [56] . Figure 9 shows the evolution of the friction coefficient of as-deposited and hydrogen-exposed CrNx coatings. The friction behavior of as-deposited CrNx coatings depends on the applied bias voltage: the coefficient of friction (CoF) remains constant on a low level for the coating deposited at 60 V and rapidly increases for the coatings deposited at 90 and 120 V. In the initial stage, the strong fluctuations in the CoF are caused by ploughing friction arising from micro surface asperities [46] . The wear of the coating deposited at 60 V is characterized by a low debris effect, due to softer particles formed during the wear of the coating or the formation of oxides on the surface. The wear debris increases with increasing hardness of the coatings deposited at higher bias voltages, because the entrapped hard wear particles cause ploughing friction. Thus, fluctuations and rapid increase in the friction coefficient can be attributed to ploughing due to third-body hard particles. [57, 58] . The CrNx coatings after hydrogenation show much lower (by 20-40%) friction coefficients than all initial samples. The best CoF value was 0.25 ± 0.02 for the hydrogen-exposed Cr-N coating deposited at 60 V bias. Similar changes in the friction coefficient were observed during sliding wear of as-deposited and at 773 and 873 K annealed CrN coatings against an Al2O3 ball [59] . This change was attributed to the lubrication effect of Cr-O oxides on the surface. In the current study, XRD results show the appearance of chromium oxide peaks after hydrogen exposure. Therefore, the decrease in CoF could be attributed to the oxides on the surface as well. 
Tribology
Conclusions
In the current study, the influence of the substrate bias voltage on mechanical and tribological properties of CrNx thin films grown on IN718 substrate by direct current reactive magnetron sputtering before and after hydrogenation was investigated. X-ray diffraction (XRD) results reveal a transformation from mixed fcc-CrN + hcp-Cr2N to, approximately, the stoichiometric hcp-Cr2N phase with an increasing substrate bias. The Cr/N ratio increases from 1.4 to 2.0 with increasing substrate bias from 60 to 120 V, respectively. The hydrogenation at 873 K of CrNx films deposited at 60 V with mixed c-CrN and (113) textured hcp-Cr2N phases presents better hydrogen impermeability than the coatings with hcp-Cr2N phases and mixed texture. Moreover, the denser microstructure formed under higher bias voltage also positively affects the resistance to hydrogen permeation. After hydrogenation, the hardness increased for all the coatings and the friction coefficient drops up to 40%. The lowest value of 0.25 ± 0.02 was reached for the CrNx coating deposited at 60 V after hydrogenation. It is suggested that crystal orientation is only one parameter influencing the hydrogen 
In the current study, the influence of the substrate bias voltage on mechanical and tribological properties of CrN x thin films grown on IN718 substrate by direct current reactive magnetron sputtering before and after hydrogenation was investigated. X-ray diffraction (XRD) results reveal a transformation from mixed fcc-CrN + hcp-Cr 2 N to, approximately, the stoichiometric hcp-Cr 2 N phase with an increasing substrate bias. The Cr/N ratio increases from 1.4 to 2.0 with increasing substrate bias from 60 to 120 V, respectively. The hydrogenation at 873 K of CrN x films deposited at 60 V with mixed c-CrN and (113) textured hcp-Cr 2 N phases presents better hydrogen impermeability than the coatings with hcp-Cr 2 N phases and mixed texture. Moreover, the denser microstructure formed under higher bias voltage also positively affects the resistance to hydrogen permeation. After hydrogenation, the hardness increased for all the coatings and the friction coefficient drops up to 40%. The lowest value of 0.25 ± 0.02 was reached for the CrN x coating deposited at 60 V after hydrogenation. It is suggested that crystal orientation is only one parameter influencing the hydrogen permeation resistance of CrN x coatings together with the film's structure, the presence of mixed phases, and the packing density of the structure.
